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frzb2 and sizzled2 during Xenopus
Anteroposterior Patterning
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John McCoy,* and Hazel Sive1
Whitehead Institute for Biomedical Research and Massachusetts Institute of Technology,
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In a search for factors that regulate patterning of the Xenopus anteroposterior (A/P) axis, particularly the anterior ectoderm,
we isolated two members of the Frizzled-related protein (FRP) gene family that are thought to encode antagonists of Wnt
signaling. frzb2 is expressed in head mesoderm while sizzled2 is expressed in ventral ectoderm and mesoderm, tissues that
odulate anterior fates. Consistent with a role for these genes in A/P patterning, ectopically expressed frzb2 inhibited head
ormation, while sizzled2 dorsalized embryos, causing expansion of the head. The different activities of frzb2 and sizzled2
ay be explained by their interaction with distinct proteins since frzb2 is an inhibitor of Xwnt8 activity, while sizzled2 is
nable to inhibit the activity of Xwnt8 or any other Xwnt tested. The data suggest that anteroposterior patterning is
odulated by multiple components of the Wnt signaling pathway. © 2000 Academic Press
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1INTRODUCTION
In Xenopus embryos, the dorsal ectoderm gives rise to
neural tissue and to the cement gland. Multiple tissue
interactions are required to pattern these tissues along the
anteroposterior (A/P) axis during gastrula and neurula
stages. Neural inducing and patterning signals arise from
the dorsal mesendoderm, including the prechordal plate,
notochord, and paraxial mesoderm, and later from the
neurectoderm itself (reviewed in Gamse and Sive, 2000).
During cement gland formation, inductive signals arise
from the neural plate, head endoderm, and prechordal plate,
while the ventral ectoderm and mesoderm and the pos-
terodorsal mesoderm can inhibit cement gland formation
(reviewed in Sive and Bradley, 1996).
These tissue interactions correspond to multiple se-
creted factors (reviewed in Sive and Bradley, 1996; Gamse
and Sive, 2000), including members of the Wnt signaling
pathways which are powerful modulators of A/P fates
(Gamse and Sive, 2000). In Xenopus, activation of mater-
nal components of the Wnt pathway soon after fertiliza-
1 To whom correspondence should be addressed. Fax: (617) 258-
5578. E-mail: sive@wi.mit.edu.
118ion is required for dorsal axis formation, including head
ormation (Christian and Moon, 1993), and possibly ini-
iation of neural determination (Baker et al., 1999).
ygotic Wnt signaling has been proposed to be antago-
istic to head formation since expression of Xwnt8
uring gastrulation suppresses head formation (Christian
nd Moon, 1993) and suppression of Wnt signaling can
nduce a secondary head in whole embryos (Glinka et al.,
997). Consistently, Wnt signaling can actively promote
osterior fates. For example, Xwnt3a acts, in combina-
ion with the neural inducer noggin, to induce posterior
eural genes while repressing the expression of anterior
enes in Xenopus animal caps (McGrew et al., 1995)
hile mice lacking Wnt3a lack caudal somites and a tail
ud (Takada et al., 1994).
Several wnts are expressed anteriorly during gastrula and
eurula stages, including Xwnt2b (Landesman and Sokol,
997), Xwnt3a (McGrew et al., 1995), Xwnt7a (Cui et al.,
1995), and Xwnt8b (Cui et al., 1995). In addition Xwnt4
(Christian et al., 1991) and Xwnt11 (Du et al., 1995; Ku and
Melton, 1993), which are thought to be involved in mor-
phogenetic movements, are expressed dorsoanteriorly. To-
gether these observations suggest that wnts may play a role
in determining or patterning the head. Consistently, of the
0012-1606/00 $35.00
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119Xenopus FRPs and Anteroposterior Patterningfive putative Xenopus frizzled Wnt receptors identified thus
ar, Xfz3 (Shi et al., 1998), Xfz7, Xfz9 (Wheeler and Hoppler,
1999), and Xfz8 (Deardorff et al., 1998; Itoh et al., 1998) are
all expressed anteriorly and Xfz8 can induce a secondary
head. In addition, a role for Wnt signaling in directly
modulating cement gland formation has been suggested by
the ability of the Wnt signal transducer GSK3 to activate
ectopic cement gland formation in whole embryos and
increase the size of cement glands induced by noggin in
ectodermal explants (Itoh et al., 1995; Pierce and Kimel-
man, 1996).
Recently, a number of secreted Wnt antagonists that
may represent a new level of control in the Wnt signaling
pathway have been identified. These include Cerberus
(Bouwmeester and Leyns, 1997) and Dickkopf (Glinka et
al., 1998) in the anterior mesendoderm, WIF-1 (Hsieh et
al., 1999) in the somitic mesoderm and anterior forebrain,
and the Xenopus homologues of the family of Frizzled-
related proteins (FRPs). Members of this last group share
homology with the ligand binding domain of Wnt recep-
tors but lack the transmembrane domain. This Frizzled-
related region is required for Wnt binding (Bhanot et al.,
1996; Lin et al., 1997), suggesting that they might func-
tion as secreted competitors for binding Wnt ligand.
Recent data also show that FRPs can bind to each other
and to the extracellular domains of Frizzled proteins to
form nonfunctional complexes (Bafico et al., 1999), sug-
gesting that the mechanism by which FRPs normally act
may be complex.
Several FRPs have been isolated from Xenopus, including
frzb1 (Leyns et al., 1997; Wang et al., 1997), which is
expressed in the organizer and head mesendoderm during
gastrula and neurula stages and has been proposed to play a
role in dorsalizing mesoderm. sizzled (Salic et al., 1997) is
expressed ventrally during gastrula and neurula stages and
has been proposed to promote ventral fates, while XfrzA (Xu
et al., 1998) is expressed in the somitic mesoderm and
pronephros during neurula stages and has been proposed to
inhibit convergent extension movements. Despite the dif-
ference in the expression patterns of these FRPs, all have
dorsalizing activities in whole embryo assays, all have been
reported to antagonize Xwnt8, and those tested bind to
Wnts in vitro.
In a selection for secreted proteins that are candidate
modulators of Xenopus A/P patterning, particularly of the
anterior ectoderm (Jacobs et al., 1997; Sun et al., 1999), we
isolated two members of the FRP family, frzb2 and sizzled2,
which are expressed primarily anteriorly and ventrally,
respectively. We examined the ability of these FRPs to alter
A/P patterning and to antagonize Wnt signaling. In gain-of-
function assays, frzb2 and sizzled2 have distinct effects on
nterior patterning and target different wnt activities.
These data suggest that anterior patterning may be modu-
lated by multiple components of the Wnt signaling path-
way.
Copyright © 2000 by Academic Press. All rightMETHODS
Yeast Selection
The selection for secreted proteins was performed as described
(Jacobs et al., 1997). The dissection for the dorsal clones from
which the frzb2 cDNA, Accession No. AF136183, was isolated is
described in Sun et al. (1999). The sizzled2 cDNA, Accession No.
AF136183, was isolated from ventral ectoderm and mesoderm
dissected in a piece 60° wide centered on the ventral midline,
extending from the ventral blastopore to the dorsal limit of the
blastocoel of midgastrula (st. 11.51) embryos. Preparation and
sequencing of the cDNA used in the selection were as described
(Sun et al., 1999). The primers used to amplify the ventral cDNAs
were 59AATTCCCATAGCAACAAACAGTA39 and 59TACTGTT-
TGTTGCTATGGG39. Both cDNAs were subcloned into the
pCS21 vector at the XhoI and EcoRI sites.
Tissue Culture
Cos-1 cells were transfected with 10 mg DNA using the Lipo-
ectamine system (Gibco). Cells were cultured in complete me-
ium (DME, Pen/Strep, glutamine, and 20% FBS) for 36 h. Serum-
ree medium (DME, Pen/Strep, glutamine, and aprotinin) was
dded and the cells were harvested 24 h later. At the same time,
ells were labeled with Cys-/Met-medium containing aprotinin,
.5% FBS, 100 mCi/ml [35S]methionine and cysteine for 4 h.
onditioned medium was collected as well as cells which were
ysed in Nonidet P-40 lysis buffer. Cell extracts and conditioned
edium were analyzed by SDS–polyacrylamide gel electrophore-
is.
RNA Isolation and Northern Analysis
RNA was prepared from embryos and explants by the protein-
ase K method (Condie and Harland, 1987). Northern blot analy-
sis was carried out as described in Sambrook et al. (1989).
Antisense asymmetric PCR probes (Sive and Cheng, 1991) were
primed with T7-CS21 primer 59AATACGACTCACTATAG39
off of pCS21frzb2 linearized with HindIII and pCS21sizzled2
linearized with EcoRI.
b-Galactosidase Staining and in Situ Hybridization
b-Galactosidase staining was performed as in Kolm and Sive
(1995). Whole-mount in situ hybridization was performed as de-
scribed (Harland, 1991) with modifications as described (Bradley et
al., 1996). Wild-type embryos were bleached as described (Read et
al., 1998).
Microinjection
Microinjections were performed as described (Kolm and Sive,
1995). Figure legends and diagrams indicate site and stage of
injection. Fifty to seventy picograms of lacZ mRNA, or 200 pg of
GFP mRNA, was co-injected as a lineage tracer when necessary. In
each experiment, b-globin mRNA was used to make up the
differences in total mRNA so that each embryo received the same
absolute amount of mRNA.
s of reproduction in any form reserved.
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120 Bradley et al.In Vitro Transcription of Capped RNAs and in
Situ Hybridization Probes
Capped RNA for microinjection was prepared as described (Kolm
and Sive, 1995): Both CS21frzb2 and CS21sizzled2 were linearized
with NotI and transcribed with SP6 RNA polymerase. Antisense
probes for in situ hybridization were transcribed in the presence of
digoxigenin-11–UTP according to Kolm and Sive (1995): CS21frzb2
was linearized with HindIII, CS21sizzled2 was linearized with
coRI, both were transcribed with T7 RNA polymerase.
Relative Quantitative RT-PCR
Relative quantitative RT-PCR was performed as described in
Sagerstro¨m et al. (1996). RNA and cDNA samples were prepared as
escribed (Kolm and Sive, 1995). The optimal cycle number for
ach primer pair was determined by titration with cDNA derived
rom whole embryos. Each RNA sample was tested for genomic
DNA contamination by performing a minus reverse transcriptase
ontrol using ODC primers. DNA-contaminated samples were
iscarded. PCR primers were as follows: ODC, siamois, and m.
actin (Sun et al., 1999).
Embryos and Explants
Methods for obtaining embryos were as described (Sive et al.,
1989). Embryos were staged according to Normal tables (Nieuwk-
oop and Faber, 1967). Microdissection for explants was performed
on 1% agarose in 0.53 MBS using an eyebrow knife. Explants and
whole embryos were cultured in 0.53 MBS until the appropriate
stage for collection.
RESULTS
frzb2 and sizzled2 Are Novel Members of the FRP
Family of Putative Wnt Antagonists
In order to identify proteins that may modulate A/P
ectodermal patterning we screened Xenopus midgastrula
tage tissues using a yeast-based selection for secreted
olecules, as previously described (Sun et al., 1999; Jacobs
et al., 1997). frzb2 and sizzled2 (abbreviated siz2) were
isolated from this screen and encode novel members of the
Wnt signaling pathway. The frzb2 cDNA encoded a protein
of 296 amino acids which appears to be a new FRP, most
closely related to chick Crescent (Pfeffer et al., 1997) (66%
amino acid identity). The sizzled2 cDNA encoded a protein
of 281 amino acids and was most closely related to Sizzled
(Salic et al., 1997) (96% amino acid identity). At the nucleic
acid level, sizzled2 and sizzled are 85% identical in the
coding region and 60% identical in the 39 untranslated
region. It is not clear whether these genes are the “a” and
“b” copies of an ancestral gene that became duplicated in
the pseudotetraploid genome of Xenopus laevis. Frzb2 and
Sizzled2 share 47% amino acid identity (Figs. 1A and 1B).
All cysteine residues thought to be crucial for ligand bind-
ing (Hsieh et al., 1999; Bhanot et al., 1996) are shared
between Frzb2, Sizzled2, Crescent, Sizzled, and XfrzA
w
t
Copyright © 2000 by Academic Press. All right(boxed on Fig. 1A). These FRPs are all more closely related
to each other than they are to Frzb1 (Figs. 1A and 1B), which
is more closely related to the extracellular cysteine-rich
domain of the more ancient Frizzled proteins (homologous
region underlined in Fig. 1A) than it is to the other FRPs
(Fig. 1C). Both Frzb2 and Sizzled2 contain putative signal
sequences, suggesting that they are secreted proteins. Con-
sistent with this, both of these FRPs are efficiently secreted
from COS cells (Fig. 1D). Thus, frzb2 and sizzled2 encode
secreted proteins that are potential regulators of cell fate.
frzb2 and sizzled2 Are Expressed in Tissues That
Modulate Anteroposterior Patterning
We next asked whether frzb2 and sizzled2 were expressed
temporally and spatially appropriately for a role in A/P
patterning. Northern blot analysis (Fig. 2A) detected two
zygotically expressed frzb2 transcripts. The larger, 5.2-kb
transcript was first detected at early gastrula stage (st. 10),
while the smaller, 1.5-kb transcript was detected slightly
later at midgastrula stage (st. 11). Both transcripts were
maximally expressed during mid–late gastrula and neurula
stages and persisted through tail bud stage (st. 24). The
longest full-length cDNA isolated was 1145 bp and in-
cluded a translation initiation codon (Kozak, 1987) and
poly(A) tail. Additionally, a weakly expressed maternal
frzb2 transcript of 2.4 kb was apparent. The sizzled2 probe
detected a single zygotic transcript of 1.2 kb at midgastrula
(st. 11) which was maximally expressed during neurula and
tail bud stages and through hatching stage (st. 38). The
longest sizzled2 cDNA clone isolated was 1140 bp in
ength, had a translation initiation consensus, and included
poly(A) tail, suggesting that this clone was full length.
In situ hybridization analysis showed that frzb2 expres-
ion was dorsally restricted. At early gastrula (Fig. 2Ba)
rzb2 transcripts were detected in a narrow band at the
orsal midline of the dorsal blastopore lip and in the
djacent deep mesoderm. By midgastrula (2Bb) transcripts
ere no longer detected in the dorsal blastopore lip, but
ersisted in the axial mesoderm abutting the anterior mes-
ndoderm. At early neurula (stage 14, 2Bc), frzb2 was
xpressed in the prechordal plate and more weakly in the
nterior notochord (confirmed by section, not shown) and
he anterior neural plate. From late neurula (not shown)
hrough tail bud (stage 24, 2Bd and 2Be) and hatching (stage
2, 2Bf) frzb2 was also detected in the pronephros. At
atching stage, expression was also detected in the otic
esicle and a small area approximately at the level of the
idbrain (2Bf).
sizzled2 expression was restricted to ventral regions.
t midgastrula, transcripts were detected near the ven-
ral blastopore (Fig. 2Ca). Staining extended anteriorly
hrough the ventral ectoderm by the end of gastrulation,
ith transcripts concentrated around the closed blas-
opore (presumptive proctodeum) and anterior ventral
s of reproduction in any form reserved.
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121Xenopus FRPs and Anteroposterior Patterningregion adjacent to the cement gland (stage 12, 2Cb). This
pattern persisted through neurula stages (stage 13, 2Cc;
stage 16, 2Cd). By tail bud, staining was present in the
ventralmost cells of the cement gland, in the ventral
blood islands, in the proctodeum, and in the ectoderm
between these regions (2Ce and 2Cf). sizzled2 expression
in the ventral blood islands preceded accumulation of
a-globin RNA (Kelley et al., 1994, 2Cf and data not
FIG. 1. (A) Deduced amino acid sequence of frzb2 and sizzled2
translated and aligned alongside sequences of other Xenopus F
ClustalX algorithm. Amino acid residues that are identical betw
introduced for optimal protein alignment are indicated by das
underlined. Numbers at right indicate amino acid position. (B) P
Phylogenetic tree showing evolutionary relationship between
underlined in A). (D) Frzb2 and Sizzled2 are secreted from Cos
transfected with frzb2 (2) or sizzled2 (3) DNA. Supernatant (S
transfected (4) or transfected with frzb2 (5) or sizzled2 (6) DNAshown). Sections through the cement gland region of tail
bud embryos revealed that sizzled2 was expressed in the
w
p
Copyright © 2000 by Academic Press. All rightventralmost cells of the cement gland (equivalent to the
anteriormost cells prior to tail bud) (Bradley et al., 1996)
s well as in the underlying inner ectodermal layer (not
hown). Posterior to this, staining was specific to the
nner layer of the ventral ectoderm, except in the region
f the ventral blood islands, where it was also in the
esoderm.
These data showed that frzb2 and sizzled2 expression
omparison to other FRPs. frzb2 and sizzled2 were conceptually
roteins, Sizzled, XfrzA, and Frzb1, and chick Crescent by the
three of the six proteins are shaded in dark gray. Sequence gaps
Conserved cysteines are boxed with the cysteine-rich domain
tage amino acid sequence similarity between FRP proteins. (C)
and Frizzled CRD domains (putative ligand binding domains,
Cell extract (lanes 1–3) from Cos cells mock transfected (1) or
anes 4 – 6) prepared from Cos cells that had been either mock
ite arrowheads indicate FRP proteins.in c
RP p
een
hes.
ercen
FRP
cells.as highly localized, consistent with a role in modulating
atterning of the A/P axis.
s of reproduction in any form reserved.
stage 32. (C) Expression pattern of sizzled2, all views ventral,
anterior to the left. (a) Stage 11.5; (b) stage 12; (c) stage 13; (d) stage
122 Bradley et al.
Copyright © 2000 by Academic Press. All rightfrzb2 and sizzled2 Have Different Effects on
Anteroposterior Patterning
We next analyzed the ability of these genes to alter
anteroposterior patterning by ectopically expressing them
in whole embryos. Embryos were injected with mRNAs
encoding frzb2, sizzled2, or b-globin (Krieg and Melton,
1984) as a control. We also directly compared the activities
of our FRPs with another family member, frzb1, which
dorsalizes embryos (Leyns et al., 1997; Wang et al., 1997).
Embryos were injected in both cells at the two-cell stage at
the animal pole and analyzed for morphology at tail bud and
hatching stages (Fig. 3A). Identical phenotypes were ob-
tained whether FRP RNAs were injected at the animal pole
or into the marginal zone. It would therefore appear that the
FRPs are well secreted and diffusible in vivo. Injection of
DNA constructs gave qualitatively identical but weaker
phenotypes than those obtained after RNA injection, indi-
cating that these genes can act after the midblastula tran-
sition, when they are normally expressed (not shown).
Compared to controls (Figs. 3Ba and 3Bb) and consistent
with published data, embryos ectopically expressing frzb1
(Figs. 3Bc and 3Bd) showed a dorsoanteriorized phenotype.
In contrast to the phenotype caused by frzb1, ectopic
expression of frzb2 (3Be, 3Bf) resulted in a microcephalic
phenotype in which eyes were reduced, cyclopic, or absent.
The cement gland was also reduced or absent. Embryos
were bent upward at the level of the anterior spinal cord
(3Bf) and were always shorter than controls. Embryos ec-
topically expressing sizzled2 (Figs. 3Bg and 3Bh) showed a
dorsoanteriorized phenotype that was very similar to those
of embryos misexpressing frzb1, with expansion of the
head, including the cement gland and eyes, and a shortened
body axis with narrower posterior region than controls.
Despite the apparent opposite phenotypes caused by
frzb2 and sizzled2, co-injection of these two frzbs did not
complement either of the individual FRP phenotypes. Re-
sulting embryos had either one or the other FRP phenotype
or were dead (not shown). These data showed that frzb2 and
sizzled2 had diverse effects on A/P patterning.
frzb2 and sizzled2 Disrupt Patterning of
Ectodermal and Mesodermal Genes in Whole
Embryos
We further characterized the activity of ectopically ex-
pressed frzb2 and sizzled2 by examining changes in the
spatial expression patterns of potential targets of these
genes. Embryos ectopically expressing frzb2 and sizzled2
were analyzed by in situ hybridization during neurula
16; (e) stage 24; (f) stage 26, compared to a-globin (Kelley et al.,
1994), bottom embryo. cg, cement gland; vbi, ventral blood islands;FIG. 2. frzb2 and sizzled2 are expressed in tissues that can
modulate A/P ectodermal patterning. (A) Northern blot analysis of
FRP expression. Northern blots containing 5 mg of total RNA from
a developmental series. RNA from egg (lane 1), stage 8 (2), stage 10
(3), stage 11 (4), stage 12 (5), stage 14 (6), stage 18 (7), stage 24 (8), and
stage 38 (9). Top: Blot probed with frzb2 showing two zygotic bands
(arrowheads). Small arrow indicates a weak maternal transcript.
Middle: Northern blot probed with sizzled2, which detects a single
band (arrowhead). Bottom: Ethidium bromide staining of ribosomal
RNA (loading control). (B, C) Whole-mount in situ hybridization
analysis. Embryos were cultured as described and harvested at
various developmental stages for in situ hybridization analysis.
Antisense RNA probes were labeled with digoxigenin–UTP and
appear in purple. (B) Expression pattern of frzb2, dorsal to the top in
all images, anterior to left in d, e, and f. (a) Stage 10.5, early gastrula,
vegetal view with sagittal section to the right; (b) stage 11.5 vegetal
view; (c) stage 14, anterior view; (d) stage 24; (e) stage 24, compared
to muscle actin (Mohun and Garrett, 1987), bottom embryo; (f)m, midbrain; o, otic vesicle. A, anterior; P, posterior; D, dorsal, V,
ventral; vg, vegetal.
s of reproduction in any form reserved.
123Xenopus FRPs and Anteroposterior PatterningFIG. 3. Ectopic expression of frzb2 and sizzled2 generates different phenotypes in whole embryos. (A) Schematic outline. 200 pg of frzb2,
sizzled2, or b-globin or frzb1 (control) mRNA was microinjected into the animal pole (prospective ectoderm) of both cells of a two-cell
embryo and the embryos were allowed to develop to the hatching stage. 70 pg of GFP mRNA (Zernicka-Goetz et al., 1996) was co-injected
as a lineage tracer and embryos were sorted for ectodermal expression at gastrula stages. (B) FRP gain-of-function whole embryo phenotype.
Embryos shown from a typical experiment, harvested at tail bud (st. 26, a, c, e, g) and hatching (st. 36, b, d, f, h) stages. These data are
representative of .30 experiments that gave near-identical results. (a, b) Control embryos, (c, d) frzb1-injected control embryos (e, f),
frzb2-injected embryos; note the cyclopic eye and reduced cement gland, microcephaly, and bent axis. In the experiment shown, 95% of
frzb2-injected embryos, n 5 38, showed this phenotype. (g, h) sizzled2-injected embryos; note the enlarged head, eyes, and cement gland
and reduced posterior. In the experiment shown, 98% of sizzled2-injected embryos, n 5 47, showed this phenotype. Anterior is to the right
and all views are side on. Eye, black arrowhead; cg, white arrowhead, cement gland; D, dorsal; V, ventral; A, anterior; P, posterior.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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124 Bradley et al.stages, to examine early changes in ectodermal (Fig. 4A) and
mesodermal (Fig. 4B) marker expression. While in situ
hybridization is not a quantitative assay, it does reveal
changes in the patterns of gene expression. The results
shown are representative of at least three independent
experiments and at least 20 embryos examined for each
marker.
In the ectoderm, compared to control embryos (Fig. 4Aa),
FIG. 4. Alteration of spatial expression patterns of ectodermal an
b-globin (control) mRNA (A, a–c, m–r; B, a–l) or 40 pg of frzb2, sizz
the animal pole (prospective ectoderm) of one cell of a two-cell emb
and B, g–o) or 200 pg GFP RNA (sorted for anterior quadrant gre
llowed to develop to neurula and tail bud stages appropriate to th
nd analyzed for changes in ectodermal (A) or mesodermal (B) mar
A) (a–c) Head-on view of midneurula (st. 16) embryos probed wi
emmati-Brivanlou and Harland, 1989). (d–f) Head-on view of ear
Gammill and Sive, 1997). (g–i) Dorsal-view tail bud (st. 26) embryos
Dorsal/side view late neurula (st. 19) embryos probed with AP2 (S
probed with GATA2 (M. Kelley et al., 1994). (p–r) Dorsal view late n
orsal view early neurula (st. 13) embryos probed with chordin
edgehog. (g–i) Side view tail bud (st. 24) embryos probed with Nk
(Kelley et al., 1994). (m–o) Side view tail bud (st. 25) embryos probe
blue and purple staining on the embryos, the background was pain
gland, cnc, cranial neural crest; vbi, ventral blood islands; A, anterneither frzb2 (4Ab) nor sizzled2 (4Ac) altered the expression
attern of the midbrain and hindbrain markers engrailed
Copyright © 2000 by Academic Press. All rightnd krox20, indicating that these posterior regions of the
rain were patterned normally. More anteriorly, frzb2 com-
ressed the size of the XCG1 expression domain (4Ab),
isrupted the expression of Xotx2 (4Ae, compare to control
n 4Ad) and anterior b-tubulin, a general neural marker
(Oschwald et al., 1991) expression (4Ah, compare with
control in 4Ag). The distance between the engrailed and the
XCG1 domains in frzb2-injected embryos (4Ab) was smaller
sodermal genes by frzb2 and sizzled2. 200 pg of frzb2, sizzled2, or
or b-globin (control) DNA (A, d–l; B, m–o) was microinjected into
70 pg lacZ mRNA (Smith and Harland, 1991) (stained in pale blue
orescence, B, a–f) was co-injected as lineage tracer. Embryos were
timal expression of the desired marker when they were harvested
ene expression pattern (stained in purple) by in situ hybridization.
G1 (Sive et al., 1989)and engrailed/krox20 (Bradley et al., 1993;
urula (st. 14) embryos probed with Xotx2 (Acampora et al., 1995;
ed with b-tubulin, a panneural marker (Oschwald et al., 1991). (j–l)
et al., 1991). (m–o) Dorsal/side view late neurula (st. 20) embryos
la (st. 19) embryos probed with hoxB9 (Wright et al., 1990). (B) (a–c)
) Dorsal view early neurula (st. 13) embryos probed with sonic
. (j–l) Ventral view tail bud (st. 26) embryos probed with a-globin
th m. actin (Mohun and Garrett, 1987). In order to better view the
lack using Adobe PhotoShop. fm, forebrain/midbrain; cg, cement
, posterior.d me
led2,
ryo.
en flu
e op
ker g
th XC
ly ne
prob
nape
euru
. (d–f
x2.5
d withan in control injected embryos, suggesting that the fore-
brain was reduced. sizzled2 expanded the domain of XCG1
s of reproduction in any form reserved.
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125Xenopus FRPs and Anteroposterior Patterningexpression (4Ac), increased the width of the Xotx2 cement
gland domain, and compacted the forebrain/midbrain do-
main (4Af). Since Xotx2 regulates head and cement gland
formation (Acampora et al., 1995; Gammill and Sive, 1997)
these changes in gene expression may have caused some of
the morphological and molecular changes observed. Con-
sistent with recent findings that wnts are involved in neural
rest patterning (Dorsky et al., 1998; LaBonne and Bronner-
raser, 1998), segmentation of the cranial neural crest as
hown by AP2 expression (Snape et al., 1991) was disrupted
y both frzb2 (4Ak, compare to control in 4Aj) and sizzled2
4Al). Consistent with this result, in older embryos krox 20
xpression in migratory neural crest was also disrupted (not
hown). In all cases, despite injection of each FRP RNA into
only one cell of a two-cell embryo (generally corresponding
to unilateral injection), we saw alterations to patterning on
both sides of the embryo, suggesting that these FRPs had
long-range patterning activities.
GATA2 is a marker of the ventral cement gland and
ventrolateral ectoderm and may regulate ectodermal pat-
terning (Kelley et al., 1994; Read et al., 1998). GATA2
xpression (Fig. 4Am) was significantly altered by frzb2
4An), which ablated the cement gland domain and spread
he ventral ectodermal domain posteriorly, while sizzled2
4Ao) expanded the cement gland domain. Consistent with
he shorter length of these embryos the spinal chord marker
oxB9 (Wright et al., 1990) (4Ap) was expressed in a more
iffuse, less elongated domain in both frzb2- (4Aq) and
izzled2- (4Ar) expressing embryos. Interestingly, in older
mbryos, and as assayed by b-tubulin expression, while the
spinal cord is disrupted in embryos expressing frzb2, it is
not disrupted in embryos expressing sizzled2.
Using a panel of mesodermal markers, several changes in
expression patterns of genes that regulate axial patterning
were observed. Expression of chordin (Sasai et al., 1994),
which marks notochord and prechordal plate (Fig. 4Ba) and
regulates dorsal patterning, was expanded laterally by frzb2,
with loss of distinct midline staining (4Bb). sizzled2 did not
reproducibly alter the pattern of chordin expression (4Bc).
Expression of sonic hedgehog (shh), which marks the noto-
chord and presumptive floor plate and is required for
bilateral symmetry in the head (Chiang et al., 1996), was
disrupted by frzb2 (4Be, compare with control in 4Bd), with
no expression anteriorly and wider diffuse expression pos-
teriorly. Additionally, expression of Nkx2.5 in presumptive
heart (4Bg) was expanded by both frzb2 (4Bh) and sizzled2
4Bi), suggesting that expansion of the heart primordium
ad occurred. Both frzb2 and sizzled2 decreased the area
expressing a-globin (4Bj–4Bl), indicating that high level
expression of either FRP is incompatible with blood forma-
tion. The extent of the muscle actin expression domain was
reduced both by frzb2 (4Bn) and sizzled2 expression (4Bo).
These data showed that ectopic expression of frzb2 and
sizzled2 altered expression patterns of both ectodermal and
mesodermal marker genes. Consistent with morphological
phenotypes, frzb2 decreased and sizzled2 expanded expres-
sion domains of markers and regulators of anterior pattern-
Copyright © 2000 by Academic Press. All righting. Despite their differing effects on anterior patterning,
both FRPs interfered with neural crest patterning, expanded
the heart-forming area, decreased the size of the blood-
forming region, and somewhat decreased the size of the
skeletal muscle-forming region.
frzb2 Suppresses Muscle Differentiation in
Explants
It has been reported that frzb1, sizzled, and a dominant
egative wnt8 ligand (Hoppler et al., 1996; Borello et al.,
999; Salic et al., 1997) can completely suppress muscle
ormation. By in situ hybridization analysis we did not
bserve a complete ablation of m. actin expression in whole
mbryos ectopically expressing frzb2 or sizzled2; however,
ince this assay is not quantitative, we tested the ability of
hese FRPs to quantitatively suppress m. actin expression
n marginal zone explants. Dorsal, ventral, and lateral
arginal zone (DMZ, VMZ, and LMZ, respectively) ex-
lants were taken from early gastrula stage embryos (st.
0.5) expressing ectopic control, frzb2, or sizzled2 RNAs
throughout the presumptive mesoderm (Fig. 5A). Explants
were harvested at late neurula stage (st. 19) and assayed for
muscle marker expression by RT-PCR. In the DMZ (Fig. 5B,
lanes 1–3), which normally gives rise to some muscle, frzb2
(lane 2) reduced m. actin expression (compare to control,
lane 1) and sizzled2 (lane 3) did not reproducibly suppress
m. actin gene expression. No m. actin expression was
detected in any VMZ explants (lanes 5–7), indicating that
neither FRP can induce muscle or dorsalize ventral tissue.
In the LMZ, which also gives rise to muscle, frzb2 (lane 8)
markedly and sizzled2 (lane 9) weakly reduced m. actin
expression (compare to control, lane 7).
These data confirm that frzb2 and, more weakly, sizzled2
can suppress muscle formation. However, since in no assay
did we observe complete ablation of muscle formation by
frzb2 or sizzled2, the effect of these genes on muscle
formation appears to be weaker than that reported for frzb1
(Leynes et al., 1997).
frzb2 but Not sizzled2 Inhibits Xwnt8 Activity in
Animal Caps
Since frzb2 and sizzled2 are putative Xwnt inhibitors, we
tested their ability to antagonize the activities of Xwnts
that are expressed in or adjacent to the frzb2 or sizzled2
expression domains. We first tested the ability of frzb2 and
sizzled2 to prevent induction by Xwnt8 and Xwnt3a of the
organizer-specific marker siamois in animal caps. It has
previously been reported that sizzled, an FRP very similar
to sizzled2 (Fig. 1), is able to suppress expression of siamois
in this assay (Salic et al., 1997). We therefore tested this
gene in parallel with sizzled2. Embryos were injected with
RNAs encoding frzb2, sizzled2, or sizzled alone or together
with Xwnt8 or Xwnt3a. Animal caps were removed at
midblastula (st. 8), cultured until early gastrula (st. 10.5),
and analyzed by RT-PCR for expression of siamois RNA
s of reproduction in any form reserved.
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126 Bradley et al.(Fig. 6A). While Xwnt8 induced strong expression of siam-
ois (Fig. 6B, lane 2), neither frzb2, sizzled2, nor sizzled
induced siamois expression (lanes 3–5). Expression of
Xwnt8 together with frzb2 completely suppressed induc-
tion of siamois expression (lane 6). However, neither
sizzled2 (lane 7) nor sizzled (lane 8) was able to suppress
siamois induction when co-injected with Xwnt8. Xwnt3a
was also able to induce expression of siamois (lane 10), and
this induction was not suppressed by either frzb2 (lane 11)
or sizzled2 (lane 12).
These data indicated that frzb2 but not sizzled2 was able
to antagonize Xwnt8 activity, while neither could antago-
nize Xwnt3a activity. It is not clear why we were unable to
observe suppression of Xwnt8 RNA effects by sizzled, as
previously reported (Salic et al., 1997), and whether this is
due to slight differences in assay conditions. Levels of
sizzled tested in this assay led to a dorsoanteriorized
phenotype as reported (Salic et al., 1997) and similar to that
FIG. 5. frzb2 and sizzled2 weakly repress muscle formation in
marginal zone explants. (A) Schematic outline of marginal zone
explant experiment. 200 pg of frzb2, sizzled2, or b-globin (control)
RNA was microinjected in combination with 200 pg GFP mRNA
into the dorsal and ventral marginal zones (prospective mesoderm)
of the two-cell embryo and the embryos allowed to develop to early
gastrula stage (st. 101) when dorsal marginal zone (DMZ), ventral
marginal zone (VMZ), or lateral marginal zone (LMZ) green-
fluorescing explants were taken. Explants were cultured in saline
to late neurula (st. 19) when they were harvested and analyzed for
quantitative changes in gene expression by RT-PCR. (B) RT-PCR
analysis of DMZ explants (lanes 1–3) ectopically expressing
b-globin (lane 1), frzb2 (lane 2), or sizzled2 (lane 3); VMZ explants
(lanes 4–6) ectopically expressing b-globin (lane 4), frzb2 (lane 5),
or sizzled2 (lane 6); or LMZ explants (lanes 7–9) ectopically
expressing b-globin (lane 7), frzb2 (lane 8), or sizzled2 (lane 9). The
ollowing markers were analyzed: muscle actin and ODC, used as
a loading control. This experiment is typical of four, which gave
near-identical results.caused by sizzled2, confirming that the sizzled RNA was
producing active protein (not shown).
p
Copyright © 2000 by Academic Press. All rightfrzb2 Overcomes the Effects of Xwnt8 RNA, but
Not Xwnt8 DNA, in Whole Embryos
We next tested the abilities of frzb2 and sizzled2 to
egate the axial abnormalities induced in whole embryos
y ectopic expression of Xwnt8 (Christian et al., 1991; Du
t al., 1995; Moon et al., 1993). Embryos were injected at
he two- to four-cell stage with Xwnt8 RNA or DNA with
r without FRP RNA or with frzb RNA alone. A range of
atios and doses was tested in order to find the optimal
nteraction. Phenotypes were scored at tadpole stage (st. 38;
igs. 7A and 7B) or late gastrula (st. 12) (Fig. 7C).
The Xwnt8 RNA phenotype of axis duplication (Fig. 7Ab)
ould be overcome in 19% of embryos tested by co-
njection of frzb1 RNA in a 1:1 ratio and restored to a frzb1
henotype (compare 7Ac and 7Ad), consistent with pub-
ished data (Leynes et al., 1997; Wang et al., 1997). In
ontrast, frzb2 co-injected in a 1:1 ratio with Xwnt8 rescued
7% of embryos to normalcy or a very weak frzb2 pheno-
ype (compare 7Ae and 7Af). This suppression was very
ffective even when frzb2 was injected at levels, which
lone led to only weak microcephaly. sizzled2 did not
revent the axis duplication caused by Xwnt8 even when
ested in a series of ratios of sizzled2 and Xwnt8 between
:1 and 100:1 (not shown).
We also asked whether either FRP was capable of inhib-
FIG. 6. frzb2 is antagonistic to Xwnt8 activity. (A) Schematic
iagram of cap experiment. Embryos were injected into the animal
ole of both cells at the two-cell stage. Caps were cut at midblas-
ula (st. 8), cultured in 0.53 MBS, and harvested for RT-PCR at
arly gastrula (st. 10.5). (B) RT-PCR analysis. Aged caps were
nalyzed for quantitative changes in expression of the organizer
ene siamois (sia). Whole embryo control, injected with 440 pg
globin mRNA (lane 1). Caps were cut from embryos injected with
40 pg Xwnt8 mRNA (lane 2), 400 pg frzb2 mRNA (lane 3), 400 pg
sizzled2 mRNA (lane 4), 400 pg sizzled mRNA (lane 5), 40 pg
Xwnt8 plus 400 pg frzb2 mRNA (lane 6), 40 pg Xwnt8 plus 400 pg
sizzled2 mRNA (lane 7), 40 pg Xwnt8 plus 400 pg sizzled mRNA
(lane 8), 440 pg b-globin mRNA (lane 9), 20 pg Xwnt3a mRNA (lane
0), 20 pg Xwnt3a plus 300 pg frzb2 mRNA (lane 11), 20 pg Xwnt3a
lus 300 pg sizzled2 mRNA (lane 12), or 320 pg b-globin mRNA
(lane 13).
s of reproduction in any form reserved.
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127Xenopus FRPs and Anteroposterior PatterningFIG. 7. Specificity of frzb/Xwnt interaction. Embryos were injected at the 2- to 4-cell stage with Xwnt RNA or DNA, with FRP RNA, or
with a combination of FRP and Xwnts, as described below. At tadpole stage (st. 38) or late gastrula (st. 12), embryos were scored for the FRP
phenotypea as described and for the Xwnt phenotypeb as reported in the literature. Compound phenotypesc in which the two phenotypes
were indistinguishable at the morphological level were scored in (B). 70 pg of lacZ RNA in A and B or GFP in C was injected as a lineage
tracer to confirm that embryos had been injected into the correct site prior to scoring (as detailed in A–C below). mRNA amounts were
made up with b-globin RNA so that each injected embryo received the same total amount of mRNA. The combined results of several
xperiments which gave near-identical results are shown. n 5 total number of embryos, including experiments with other ratios in which
he results were the same. (A) frzb1 and frzb2 but not sizzled2 rescue axis duplication caused by Xwnt8 RNA injection. Embryos were
njected into the ventral marginal zone with 80 pg b-globin (a); 4 or 40 pg Xwnt8 RNA alone, which gave the same penetrance of phenotype
b); 4 pg frzb1 (c) alone or in combination with 4 pg Xwnt8 RNA (d); 40 pg frzb2 (e) alone or in combination with 40 pg Xwnt8 (f); 40 pg
sizzled2 (g) alone or in combination with 40 pg Xwnt8 (f). Embryos were scored for the Xwnt8 RNA phenotype, which is a duplicated axis,
or for the FRP phenotype. A frzb1:Xwnt8 ratio of 1:1 with injected amounts of 4 pg each gave the best rescue. At these frzb2 dosages,
embryos appear essentially normal. frzb2:Xwnt8 ratios of 1:1 or 10:1 gave similar levels of rescue, with injected amounts of Xwnt8 RNA
ranging from 4 to 40 pg RNA. Similar results were obtained with ratios of sizzled2:Xwnt8 RNA from 1:1 to 100:1. (B) frzb1 but not frzb2
or sizzled2 rescues Xwnt8 DNA posteriorization activity. Embryos were injected into the dorsal marginal zone with 440 pg b-globin (a), 40
g Xwnt8 DNA alone (b), 200 pg frzb1 (c) alone or in combination with 40 pg Xwnt8 DNA (d), 400 pg frzb2 (e) alone or in combination with
0 pg Xwnt8 (f), 400 pg sizzled2 (g) alone or in combination with 40 pg Xwnt8 (h). Embryos were scored for the Xwnt8 DNA phenotype,
which is posteriorization (loss of head structures). Similar results were obtained with frzb2 or sizzled2:Xwnt8 DNA ratios at 5:1. (C) frzb2
does not rescue Xwnt8 DNA ablation of goosecoid expression. Embryos were treated as in B but harvested at late gastrula stage and analyzed
by in situ hybridization with an antisense goosecoid probe (Co et al., 1991). Embryos misexpressing 440 pg b-globin (a, control), 400 pg frzb2
b), 40 pg Xwnt8 DNA (c), or both frzb2 RNA and Xwnt8 DNA (d). 70 pg GFP RNA was used as a lineage tracer and embryos were scored
or dorsoanterior labeling prior to in situ hybridization.
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128 Bradley et al.iting the posteriorizing activity of Xwnt8 DNA (Fig. 7Bb) as
has been reported for frzb1 (Leynes et al., 1997; Wang et al.,
1997). While frzb1 was able to rescue 28% of the Xwnt8
DNA phenotype to normalcy (compare 7Ac to 7Ad), neither
frzb2 (7Ae and 7Af and see Fig. 7C below) nor sizzled2 (7Ag
and 7Ah) was able to do so.
The similarity between the frzb2 and the Xwnt8 DNA
phenotypes made it difficult to assess whether frzb2 had
overcome Xwnt8 DNA activity. However, using the pre-
chordal plate marker goosecoid, we showed that the phe-
notypes caused by frzb2 and Xwnt8 DNA were actually
distinct (Fig. 7C). In embryos injected either with b-globin
7Ca) control or with frzb2 (7Cb) goosecoid expression was
present in 100% of embryos scored at late gastrula stage (st.
12) (n 5 14 and 10, respectively). However, goosecoid
expression was absent in 81% (n 5 17) of embryos misex-
pressing Xwnt8 DNA (7Cc), showing that prechordal plate
formation was suppressed. In embryos ectopically express-
ing both frzb2 RNA and Xwnt8 DNA, goosecoid expression
was absent in 87% (n 5 8) of surviving embryos (7Cd),
confirming that frzb2 was incapable of overcoming the
action of Xwnt8 DNA.
In addition to testing the interaction of these FRPs with
Xwnt8, we also assayed their ability to overcome the axial
perturbations caused by ectopic expression of Xwnt3a and
Xwnt5a RNA. Multiple ratios of FRP and Xwnt RNAs were
tested. In no case did we observe rescue to a more normal
phenotype by the combination of frzb2 or sizzled2 (not
shown, data available on request). These data indicated that
frzb2 is a strong inhibitor of Xwnt8 RNA activity, but not of
Xwnt8 DNA. sizzled2 did not inhibit any Xwnt tested.
Together, these data suggest that the distinct activities of
frzb2 and sizzled2 may be governed by their interaction
with distinct target proteins.
DISCUSSION
The expression of frzb2 and sizzled2 in regions of the
mbryo that regulate A/P ectodermal patterning suggested
hat these genes may be able to modulate this process. Our
ata show that frzb2 and sizzled2 can alter A/P patterning
and that these FRPs have different activities. The ability of
frzb2 to suppress formation of the head was unlike that of
any previously reported FRP, all of which increase dorsoan-
terior development. We further demonstrate for the first
time that these FRPs do not appear to target the same Wnt
proteins.
Modulation of Patterning by frzb2
The midgastrula stage anterior dorsal mesoderm (pre-
sumptive prechordal plate) in which frzb2 is expressed is
able to induce anterior neural tissue as well as cement
gland, suggesting that frzb2 might be a cement gland and/or
orebrain inducer. However, in whole-embryo assays, frzb2
ntagonizes head development and patterning, reducing
i
i
Copyright © 2000 by Academic Press. All rightement gland and forebrain development. The phenotype
aused by frzb2 was observed whether this gene was ex-
ressed from RNA or DNA constructs, suggesting that this
eflected a zygotic function of this gene.
One mechanism that might explain the cyclopia and
ighly reduced cement gland elicited by frzb2 in whole
mbryos is a defect in dorsal midline signaling. This could
e caused by alterations in mesodermal migration or in cell
ype specification. Since the anterior limit of chordin ex-
ression was unaltered by ectopic expression of frzb2, it
eems likely that mesodermal migration was normal. The
henotype caused by frzb2 appears similar to that caused by
onic hedgehog ablation—i.e., holoprosencephaly (Chiang
t al., 1996). Hedgehog signaling is able to directly affect
ement gland fate (Ekker et al., 1995) and recent data
uggest that Wnt signaling may be involved in regulating
hh expression (Epstein et al., 1999). Corroboratively, frzb2
revented shh expression anteriorly and we suggest that
this may contribute to both the cyclopia and the reduced
cement gland observed.
Modulation of Patterning by sizzled2
The ventral domain of sizzled2 expression included the
ventral ectoderm, which is able to inhibit cement gland
formation and which may normally limit the ventral extent
of the cement gland (Bradley et al., 1996). However, ectopi-
cally expressed sizzled2 increased cement gland size and
expanded the dorsoanterior domain of the embryo concomi-
tant with inhibition of ventral tissue formation. The dor-
soanterior expansion caused by sizzled2 was observed
whether this gene was expressed from RNA or DNA con-
structs, again suggesting that the phenotype observed re-
flected a zygotic function of this gene.
A comparison of sizzled2 activity with that of other FRP
family members raises two major issues. First, sizzled2
gives rise to a phenotype similar to that caused by frzb1,
sizzled, and XfrzA (Leyns et al., 1997; Wang et al., 1997;
Salic et al., 1997; Xu et al., 1998) although the expression
patterns of these genes are very different. It is not clear
which, if any, of these FRPs is normally involved in
dorsoanterior induction. Since whole-embryo and animal
cap assays indicate that sizzled2 interacts with a different
set of factors than do these other FRPs, it is unlikely that
this common phenotype results from promiscuous inhibi-
tion of Wnt activity. A second, related point is that sizzled2
can increase dorsoanterior development although it does
not apparently inhibit activity of known posteriorizing Wnt
proteins Xwnt8 and Xwnt3a (Christian et al., 1991; Moon,
1993), suggesting that Sizzled2 promotes dorsoanterior fates
through interaction with factors other than these.
FRPs Target Different wnt Activities
The distinct activities of frzb2, sizzled2, and other FRPs
n whole-embryo and explant assays are consistent with the
nability of these proteins to inhibit the same range of Xwnt
s of reproduction in any form reserved.
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nts (see Table 1). Although ectopically expressed frzb2
nd sizzled2 both affect expression of at least one anterior
eural gene, they do not behave equivalently to GSK3,
hich is a strong activator of ectopic Xotx2 and cement
land formation (Itoh et al., 1995; Pierce and Kimelman,
996). This further indicates that the specificity of these
RPs is limited to a subset of Xwnts, rather than targeting
a broad spectrum as is the case for GSK3.
Although both frzb2 and frzb1 are antagonistic to Xwnt8
NA activity, frzb2 could not inhibit Xwnt8 DNA activity,
whereas frzb1 was able to do so. These data suggest that a
simple interaction between FRP and Wnt proteins may not
TABLE 1
Summary of Xenopus FRP-Related Soluble
Xenopus
FRPa
Expression at late
gastrulab
a FRPs discussed in this study with cogn
b Expression patterns as described in the
c Gain of function describes the whole-em
FRP gene from the two- to eight-cell stage
and 2, siz2, and sizzled.
d Interaction with Xwnt molecules as ass
assays. Xwnt’s with which an interaction w
those that were tested, and for which no inbe able to fully explain the mechanism by which FRPs act.
Corroboratively, recent data indicate that FRPs can interact
Copyright © 2000 by Academic Press. All rightot only with Wnt proteins, but also with other FRPs and
ith Frizzled Wnt receptors (Bafico et al., 1999).
Early during gastrula, frzb2 and Xwnt8 are expressed
n adjacent domains and could interact; however, this is
ot the case later. While it is possible that the normal
arget of Frzb2 is another Wnt protein or component of
he Wnt pathway, frzb2 is unable to prevent the axial
alterations caused by expression of Xwnt3a and Xwnt5a
(not shown), indicating that it is not a promiscuous Xwnt
inhibitor.
sizzled2 was not able to antagonize the activity of any
Xwnt tested. While it is possible that sizzled2 acts on some
non-Wnt signal transduction pathway, sizzled2 may act as
Inhibitors during Head Development
Gain of function
phenotypec
Interaction with
wnts in vivod
ferences.
ature.
o phenotype of embryos misexpressing the
1 and 2, siz2, XfrzA or post-MBT frzb’s 1
d in vivo in whole-embryo and animal cap
bserved are in black and underlined while
tion was observed, are written in gray.Wnt
ate re
liter
bry
frzb’s
essea Wnt antagonist where the target Wnt(s) or Wnt pathway
component has not yet been identified. Our data contrast
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130 Bradley et al.with a report indicating that the closely related gene sizzled
is able to antagonize Xwnt8 activity (Salic et al., 1997). In
ur assays neither sizzled2 nor sizzled antagonized Xwnt8
ctivity. It is not clear why results from these two studies
o not agree, but it is possible that the assays were per-
ormed slightly differently.
Another possibility is that sizzled2 potentiates Wnt sig-
aling. Wnts have been reported to diffuse poorly from
issue culture cells. However, in Drosophila, Wg can have
ong-range effects (Neumann and Cohen, 1997; Zecca et al.,
996), suggesting that these proteins can diffuse under
ertain conditions, perhaps through extracellular matrix
roteins (Reichsman, 1996). Since the phenotype caused by
ctopic sizzled2 expression appears similar independent of
he injection site (not shown) sizzled2 may be diffusible in
he embryo and may increase diffusion of some Wnt pro-
eins.
CONCLUSION
Table 1 summarizes the complex series of expression
patterns and Xwnt interactions observed for Xenopus
Frizzled-related proteins. We propose that these FRPs rep-
resent a fine level of control in the Wnt signaling pathway
as indicated by their localized expression patterns. In addi-
tion, the range of gain-of-function phenotypes elicited sug-
gests that FRPs normally regulate many developmental
processes, possibly through interaction with Wnt proteins.
Biochemical data regarding the target Wnt proteins of
various Xenopus FRPs have been inconclusive. For ex-
ample, Frzb1 binds to Xwnt8 in immunoprecipitation as-
says, consistent with its ability to inhibit Xwnt8 in whole
embryos (Leynes et al., 1997; Wang et al., 1997). However,
Frzb1 also binds to Xwnt3a and Xwnt5 in vitro, although it
does not show any interaction with these Wnts in embryo
assays (Lin, 1997). Similarly, we have found that both Frzb2
and Sizzled2 are coimmunoprecipitated with Xwnt8 in Cos
cell extracts (not shown, data available on request), al-
though Sizzled2 shows no obvious interaction with Xwnt8
in embryo assays.
In summary, we propose that frzb2 and sizzled2 normally
play distinct roles in A/P patterning. Additional analyses
will be necessary to determine the targets of and mecha-
nism by which these FRPs act.
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